The present report describes experiments designed to define the factors which in mammals control the balance between enzymatic pathways that lead to the key pyrimidine intermediate, uridylic acid. At present two such pathways are recognized; pyrimidine synthesis de novo through orotic acid and its ribonucleotide, orotidylic acid, and the utilization of preformed uracil or uridine. It was felt that adaptive changes similar to those seen in bacteria might be induced by feeding young rats large amounts of either uracil or orotic acid. The only report of a similar experiment is that of Standerfer and Handler,' who noted marked fatty infiltration of the liver of weanling rats on inclusion of 1 per cent of orotic acid in a purified diet. This effect was not nullified by such lipotropic agents as choline, methionine, or vitamin B12. Furthermore, neither uracil nor thymine induced the production of fatty livers nor did thymine prevent it when orotic acid was also included in the diet. Others have confirmed these findings,2 but little has been added to the understanding of the phenomenon. During an investigation of these matters, it was found that the addition of a small proportion of adenine to the purified diet containing orotic acid prevents the abnormal infiltration of fat into the livers of animals, and also reverses the effect after it has been established. Observations on certain quantitative changes in pyrimidine metabolism coincident with the infiltration of fat have also been made.
The present report describes experiments designed to define the factors which in mammals control the balance between enzymatic pathways that lead to the key pyrimidine intermediate, uridylic acid. At present two such pathways are recognized; pyrimidine synthesis de novo through orotic acid and its ribonucleotide, orotidylic acid, and the utilization of preformed uracil or uridine. It was felt that adaptive changes similar to those seen in bacteria might be induced by feeding young rats large amounts of either uracil or orotic acid. The only report of a similar experiment is that of Standerfer and Handler,' who noted marked fatty infiltration of the liver of weanling rats on inclusion of 1 per cent of orotic acid in a purified diet. This effect was not nullified by such lipotropic agents as choline, methionine, or vitamin B12. Furthermore, neither uracil nor thymine induced the production of fatty livers nor did thymine prevent it when orotic acid was also included in the diet. Others have confirmed these findings,2 but little has been added to the understanding of the phenomenon. During an investigation of these matters, it was found that the addition of a small proportion of adenine to the purified diet containing orotic acid prevents the abnormal infiltration of fat into the livers of animals, and also reverses the effect after it has been established. Observations on certain quantitative changes in pyrimidine metabolism coincident with the infiltration of fat have also been made.
Methods and Materials.-Male albino rats of the Osborne-Mendel strain were weaned at 20-23 days and immediately placed on the experimental diets. Two basic diets were used in all experiments: a commercial dog chow meal' and a purified diet which contained vitamin-free casein (18.0%), sucrose (72.8%), corn oil (2.0%), vitamin mixture4 (2.2%), and salts5 (5.0%). Choline chloride was added to the purified diet to give a final concentration of 0.3 per cent. To these diets the appropriate additions of orotic acid, adenine sulfate, etc., were made at the expense of all other ingredients. The animals were housed in suspended metal cages to minimize coprophagy, and were allowed food and water ad libitum. The animals were decapitated between 11:00 A.M. and 2:00 P.M. after at least 2 hours fasting so as to diminish the effects of diurnal variations. A small wedge of liver was removed for histological study, and the remainder was either frozen for subsequent analysis or used immediately for enzymatic studies. Slices (0.3 to 0.5 mm thick) were prepared free-hand6 and kept in a petri dish moistened with cold Krebs III buffer' until used. Particle-free fractions were obtained by homogenizing the livers in 4 volumes of 0.25 M sucrose, the suspension being centrifuged for 1 hour at 106,000 X g in a refrigerated Spinco centrifuge. The supernatant fluids were either used immediately, or were frozen for no more than 7 days before being tested.
All reactions in which the evolution of radioactive carbon dioxide was measured were carried out in Warburg flasks as described elsewhere.8 The capacity to phosphorylate uridine was tested as follows: 0.3 Mmole of uridine-5,6-H3 (specific activity 1 X 106 cpm/ttmole), 1.0 ml of incubation mixture9 and 0.8 ml of the particlefree supernatant fraction (3 ml total volume) were incubated for 60 min at 370 in a Warburg flask. The reaction was stopped by addition of 0.3 ml of 6 N perchloric acid, and the supernatant material was assayed for uridine nucleotides by ionexchange chromatography on Dowex-1 formate.
Liver components were determined in the following manner. The livers were blotted and weighed, and the total fat was extracted with an alcohol-ether mixture, as described previously.' The weight of the dried defatted residue was determined, and 100 mg of it were treated three times at 00 with 5 ml of 5 per cent trichloroacetic acid to remove acid-soluble nucleotides. Glycogen was determined in this solution by the anthrone reaction.10 The residue was then treated twice at 900 with 5 ml of 5 per cent trichloroacetic acid. Aliquots of the combined hot trichloroacetic acid extracts were assayed for deoxyribose by the diphenylamine method' as a measure of DNA content. Another portion of the dried defatted residue was treated with cold trichloroacetic acid, centrifuged, and the residue subjected to alkaline hydrolysis."2 An aliquot of this hydrolysate was used for the determination of RNA by the orcinol method."3 The protein content of the livers was determined by Kjeldahl analysis of the dried defatted residue. Histological examinations were made on sections cut from specimens fixed in Bouin's solution and stained with haematoxylin and eosin.
Results.-Although other investigators have reported the occurrence of fatty livers after feeding rats a purified diet containing 1 per cent of orotic acid for 28 days,' the present studies show that the rate of lipid infiltration is rapid, and that within 7 days marked deposition of fat occurs. Subsequently only minor additional increases in the total fat content were observed. Because of this it was possible to limit the experimental dietary period to either 7 or 10 days at which time the fat content ranged from 17 to 20 per cent (Table 1 ; Fig 2) . It is important to note that the animals receiving orotic acid continued to gain weight at the normal rate for at least two weeks, and that even after a prolonged period (up to 56 days), there was only a 20 per cent reduction in total body weight as compared with con-PROC. N. A. S. trols. In the animals treated for 56 days, the only pathological changes noted were those in the liver in which the levels of fat ranged from 25 to 30 per cent of the wet weight; a survey of organ weights revealed no abnormality, and there was no evidence of the accumulation of fat in tissues other than the liver. Also, it has been found that fatty livers can be induced in rats of 150-170 gm by feeding them for 10 days a purified diet containing 1 per cent of orotic acid.
The most notable histological change in the livers of animals receiving orotic acid was a gross cellular enlargement accompanying the deposition of fat (Figures la, lb, ic, id). The enlargement was sufficiently great to account for the increase in liver mass of orotic acid-treated animals without additional cell proliferation. Determinations of the mitotic indices of the parenchymal cell populations of the livers from animals ingesting either the purified diet or the purified diet containing orotic acid disclosed no significant difference.
The intrahepatic distribution of fat in rats after 7 or 10 days on a purified diet containing orotic acid was essentially uniform, but at earlier stages, or when the ingestion of orotic acid was suspended and the liver had returned to an almost The level of fat in the liver was not increased when the animals were fed for 28 days either the dog chow diet or dog chow supplemented with 1 per cent of orotic acid. However, these animals did gain weight faster than those on the purified diet. In an attempt to identify in the crude diet the factors which prevent the accumulation of fat, various supplements in addition to orotic acid were added to the purified diet. It was found that increasing the casein level to 36 per cent (at the expense of sucrose), increasing the vitamin levels to at least twice that ordinarily used, or supplementation of the diet with 5 per cent of yeast extract, 1 per cent of tryptophan, 1.4 per cent of histidine, or 0.25 per cent of cystine, had no effect upon the development of fatty livers. Since orotic acid is intimately involved in the synthesis of nucleic acids, dried defatted spleen, which is rich in nucleic acid, was incorporated into the diet at the 5 per cent level; a slightly beneficial effect was noted. However, the addition to the diet of crude DNA from salmon sperm or RNA from yeast largely prevented the development of fatty livers. Accordingly, a mixture of adenine and guanine or of cytosine and uracil was tested. Since the mixture of purines was effective, they were tested separately and adenine was sections of kidneys from these animals were studied. Neither gross nor microscopic abnormalities were observed. Furthermore, the rate of gain in body weight during a 10-day period was not depressed. The effects of various dietary regimens upon the fat levels after 10 days are shown in Figure 2 . The changes found in tissue constituents other than fat were not remarkable (Table 2; Fig. 2 ). The total content of DNA per liver was essentially constant under all experimental conditions for rats of equal age, a result which is compatible with the histological finding of increased cell size without change in total number of cells or mitotic index. The amount of RNA in the livers of animals which had received the purified diet or the purified diet plus orotic acid was significantly lower than that in the livers of rats fed a diet, supplemented with adenine. Higher levels of RNA also were seen in the livers of -animals fed dog chow either alone or supplemented with 1 per cent of orotic acid. It was also noted that the dry defatted residue expressed as a percentage of the wet weight of the liver was relatively constant, but the percentage of protein nitrogen declined after ingestion of orotic acid. The glycogen levels were extremely variable and gave no indication of any relationship to the fat content of the liver. Certain enzymatic pathways of pyrimidine metabolism were also investigated. These included the conversion of orotic acid and uridine to uridine nucleotides, and the degradation of the pyrimidine rings of orotic acid and uracil to CO2. The rate of formation of uridylic acid from orotic acid was studied with both liver slices and the particle-free supernatant fraction of liver. The evolution of C 1402 from orotic acid-7-C14 afforded a convenient and rapid indication of this activity. Figure 3 shows that there was only slight reduction of this activity in the slices from fatty livers, and no depression of decarboxylation was noted in the particle-free supernatant fraction from liver. However, the utilization of preformed pyrimidines, as measured by the conversion of uridine to uridine nucleotides, was reduced by 50 per cent in the supernatant fractions from the livers of animals which had received orotic acid. It is important to note that neither the addition of adenine to the purified diet nor to a dog chow diet could prevent this suppression of uridine utilization (Table 3) , despite the fact that such dietary supplementation prevented the accumulation of liver fat (Fig. 2) . A measure of the rate of degradation of Purified diet + 0.5% orotic acid
(2)
Purified diet + 1% orotic acid 13 (6) Purified diet + 1% orotic acid for 7 days and purified diet alone for 3 days 19 (4)
Purified diet + 0.25% adenine sulfate 27 (4) Purified diet + 0.25% adeninc sulfate + 1%c orotic acid 12 (4) Dog chow 26 (4) Dog chow + 1% orotic acid 13 (4) Animals were fed the above diets for 10 days prior to sacrifice. The number of rats used for each determination is shown in parentheses. orotic acid and uracil by these livers was obtained by studying the capacity of slices to liberate C1402 from orotic acid-2-C14 and uracil-2-C14. Since these degradations involve several enzymatic reactions, the technique only provides an indication of the potential of these pathways.
Although it might have been expected that marked increases in degradation of orotic acid would be noted in the livers from animals which had ingested large amounts of orotic acid, quite the opposite result was obtained (Fig. 3) . The remarkable stimulation of this activity seen in animals 3 days after replacing the purified diet containing 1 per cent of orotic acid with purified diet alone, suggests a marked overshoot in the return of this enzymatic pathway to normal levels. A depression in the degradation of uracil, which has been shown to follow similar enzymatic steps, was also noted by use of the same techniques, but the changes were not as marked as with orotic acid (Fig. 3) .
Discussion. The specific prevention of fatty infiltration by adenine suggests that when rats are fed the purified diet, which is essentially free from purines and pyrimidines, the synthesis of these compounds by the young animal may be limiting, and that feeding orotic acid stimulates additional synthesis of nucleic acids with a marked reduction in the pool of nucleotides and coenzymes which contain adenine. The higher levels of RNA in the livers of animals receiving the adenine supplement, or those receiving dog chow, are consistent with this concept. However, it cannot be said with certainty that it is the adenine in the dog chow which prevents the development of fatty livers, for this complex food mixture clearly contains other factors which promote more rapid growth and higher mitotic indices.
The possibility that orotic acid exerts its effects by alteration of the bacterial flora of the intestine or by preventing absorption of certain critical nutrients must be considered. However, the low solubility of orotic acid or of its salts prevents the parenteral administration of an amount which would even approach that which is ingested with the food.
Although considerable interest has arisen in the possibility that orotic acid may serve as a growth factor in some way related to vitamin B12 and the "animal protein factor,"2 the present work suggests that the toxic potential of large amounts of this normal metabolite should not be overlooked. It is perhaps not unreasonable to suggest that these observations may have relevance to human nutrition, for it has been reported'7 that the milk of neither human beings nor of rats contains significant amounts of orotic acid, as compared to that of the milk of cows or other ruminants. Shortly after parturition, the level of orotic acid in cow's milk is approximately 0.2 per cent of the milk solids, an amount which, ingested over a long period of time, might lead to abnormalities in liver function. However, evidence against this possibility was obtained in a preliminary experiment in which it was shown that whole milk powder (35 per cent in the diet) appeared to afford protection against the induction of fatty livers in rats by orotic acid. But there may be a wide range of individual sensitivity to this action, particularly during infancy when marked changes in enzyme levels are occurring.
The dramatic accumulation of liver fat in the animals fed orotic acid suggests a direct effect upon fat metabolism, perhaps through alterations in the formation or function of essential uridine-or cytidine-containing coenzymes. However, it must be borne in mind that the obvious pathological changes may be only secondary to primary alterations in protein, carbohydrate, or nucleic acid metabolism. In any case, the influence of orotic acid and adenine on the synthesis and mobilization of fat in the rat affords a promising approach for future studies of fat metabolism.
Summary.-It has been shown that fatty infiltration of rat livers brought about
